Abstract-A broadband, electrically controlled polarizationindependent intensity modulator (PIM) based on a Sagnac interferometer is presented. Influences from asymmetric modulation and traveling wave effects are analyzed and methods to eliminate these effects are proposed. Compared to Mach-Zehnder interferometer-based modulators, this modulator is independent of the input polarization state and less sensitive to ambient perturbations due to its reciprocity property. A prototype modulator operating at 1 and 2.488 Gb/s modulation rates is demonstrated.
I. INTRODUCTION
H IGH-SPEED intensity modulators and switches are important components for optical fiber telecommunications. Current modulators include lithium-niobate-based Mach-Zehnder (M-Z) modulators [1] , [2] and electroabsorption modulators [3] , [4] . Optically controlled optical time-division demultiplexers based on optical nonlinearities [5] , [6] may also be used for intensity modulation and switching, but the requirements of high optical power and synchronization makes them far from practical for commercial systems. Therefore, an electrically controlled optical scheme is currently the most practical method to attain lightwave modulation and switching because of the available microwave technology and reliability.
The two most popular intensity modulators, the M-Z modulator and the electroabsorption modulator, each have their own advantages and disadvantages. The M-Z modulator (MZM) has superior optical bandwidth and temperature stability compared to the electroabsorption modulator, but the input light's polarization state must be aligned along a principal axis of the device. On the other hand, the electroabsorption modulator (EAM) has less polarization dependence, but has higher insertion loss and narrower optical bandwidth. For applications such as high-speed photonic switching at a remote node in a network, the requirement of achieving a linearly polarized input is difficult to satisfy. Even on the transmitter side, polarization scrambling or depolarizing is usually required after an M-Z modulator to eliminate polarization hole burning in fiber amplifiers [7] . A polarization-independent modulator (PIM) could directly modulate an unpolarized input.
The only available electrooptic effect that offers ultrahigh response speed and reasonable drive voltage is the Pockels effect, which provides a method to control optical signals electrically. Commercial MZM's based on this effect can reach speeds up to 20 GHz. However, since the Pockels effect is an electric field-induced birefringence, the input polarization has to be aligned to the direction of the TE mode in the modulator. This requirement makes the MZM depend on input polarization orientation. The Sagnac interferometerbased modulator described in this paper displays the desirable property of polarization insensitivity. The organization of this paper is as follows. The principle of operation of this device will be discussed in Section II, and influences from traveling wave effects and asymmetric modulation will be addressed in Section III. A prototype polarization-independent modulator was tested and experimental results are given in Section IV.
II. PRINCIPLE
The structure of the proposed polarization-independent modulator (PIM) is shown in Fig. 1 . Here the fiber coupler is a low-loss 3 dB coupler, and the birefringence modulator is a lithium-niobate phase modulator based on the Pockels effect. Light is input to port 1 and output from port 2. The general form of Jones matrix representing the birefringence of the Sagnac loop and the electric field of input light are given by (1) and (2) respectively. The output field at port 2 is given by [8] Im (3) where Im represents the imaginary part of . It is important to note from (2) and (3) If we assume zero birefringence in the lead fibers, then the loop birefringence is contributed solely by the birefringence modulator. We will define the plane where the Sagnac loop lies as the -plane, and the light propagation direction as the -axis. The cross section of the birefringence modulator is within the -plane and the principal axes of the birefringence modulator and are along a 45 direction relative to the and axes. The orientation of this coordinate system is illustrated in Fig. 2 where, for clarity, the orientation of the principal axes of the birefringence modulator are illustrated in the enlarged area on the right. If the phase retardation of the birefringence modulator between the two orthogonally polarized modes is then the Jones matrix of this modulator in this coordinate system is (5) Then, according to (4) , the intensity transfer function of this device is given by (6) If the phase retardation is modulated, the intensity transfer function will also be modulated accordingly. Assume is modulated by a sinusoidal signal (7) where is the initial phase retardation and is the modulation frequency. The change of the transfer function Since the transfer function is flat at both the top and bottom positions, noise can be suppressed by the nonlinearity of the device. One point to note is that all components within this device are lossless, so the sum of the transmitted power and the reflected power will be equal to the total input power.
III. INFLUENCES FROM TRAVELING WAVE AND ASYMMETRIC MODULATION EFFECTS
The intensity transfer function above is derived under the lumped condition where the wavelength of the modulation is much larger than the length of the Sagnac loop. As the frequency increases, traveling wave effects need to be considered. Also, if the phase modulation is not symmetric within the loop, pseudo-nonreciprocal phase shifts will be generated at the output of the Sagnac interferometer [9] . We will analyze these two influences separately and discuss ways to minimize them.
A. Traveling Wave Effect
When the modulation frequency is high (above 1 GHz), the lumped model for the birefringence modulator will not be valid. If the active path length of the modulator is the time it takes for light to pass through the active region of the modulator is given by (8) where is the refractive index of the optical waveguide and is the velocity of light in vacuum. The transmission velocity of the RF signal is usually designed to match the velocity of the light, so that they transit through the modulator with the same speed. If we assume the modulation signal is sinusoidal, then the phase modulation of the light induced by the RF signal within the phase modulator is given by (9) where is the amplitude of the phase modulation, is the change of the refractive index induced by the modulation signal, and is the frequency of modulation. For reverse propagating light, the light travels opposite to the direction of the RF signal. Fig. 4 illustrates this process, where the traveling RF signal propagates along the -axis and induces a distributed refractive index change inside the phase modulator. It is not difficult to see that the phase modulation experienced by the reverse propagating light is an averaged version of the distributed phase shift signal over a time slot of 2 . For this reason, the phase modulation of the reverse light signal can be written as (10) where is the amplitude of the phase modulation as in (9), and is a sample function defined as By comparing (9) and (10), it is easy to see that there is a sensitivity reduction for the reverse propagating light. When the two equations are identical and the lumped circuit model is valid.
Next, we include the birefringence effect into the traveling wave consideration. For a lithium-niobate-based phase modulator, the change of refractive index for a TM mode is only about 1/4 of that for a TE mode [10] . The phase retardation between the counterpropagating waves used to derive (6) will in general depend on the input polarization state and be given by (11a) (11b) where and are the phase differences of the counterpropagating signals for linear polarized inputs along the -axes of the modulator, respectively. Since the intensity transfer function of the modulator is an even function of as shown in (6), this device will be polarization insensitive as long as is satisfied. But in the high frequency region, will not be the same as and the modulator will become polarization dependent. Higher frequency components of digital signals will have a higher polarization sensitivity than the lower frequency components. The transfer functions for the phase difference for an -polarized and a -polarized input described by (11) are plotted in Fig. 5 , assuming the transit time through the birefringence modulator is 100 ps.
The polarization dependence of the output signal can be more easily seen by examining the eye diagram of the output. A 1 Gb/s random bit sequence is used to simulate the output eye diagram for the two different input polarization states. The result is shown in Fig. 6 where we can see a smoothing effect due to the filter characteristic shown in Fig. 5 . Note that the eye height remains the same and little power penalty will be contributed into a system from input polarization fluctuations. However, this is not true for higher modulation frequencies (10 Gb/s), where a large power penalty will be induced by the input polarization fluctuations.
In order to solve this problem, a balanced phase modulator structure is proposed and shown in Fig. 7(a) . The principal axes of the two birefringence modulators are arranged parallel to each other as shown in the figure. Similar to (11), the phase shift in this balanced structure can be given by (12) Thus, phase difference induced by the balanced birefringence modulator will be given by (13) This result shows that the phase modulation is symmetric for the counterpropagating waves, and the traveling wave effect can thus be balanced. An ultrahigh-speed polarizationindependent modulator can be achieved in this way. 
B. Asymmetric Modulation
If the birefringence modulator is not placed exactly in the center of the Sagnac loop, the asymmetric modulation will induce signal degradation. If we assume the birefringence modulator has been placed a distance meters away from the center of the loop, as shown in Fig. 8 , the orientation of the principal axes of the birefringence modulator is oriented in the same way as shown in Fig. 2 . Because the birefringence of the modulator is time varying, its Jones matrix is time varying also. A lumped system model will be used for the birefringence modulator in this discussion.
Assume the length of the Sagnac loop is the phase retardation of the birefringence modulator is and the velocity of light inside the loop is . The Jones matrix of the birefringence modulator becomes (14) From Fig. 8 , it is clear that the phase modulation experienced by the clockwise propagating light will lag the phase modulation experienced by the counterclockwise propagating light. This lag is given by (15) By using the reciprocal condition [8] , the Jones matrices for the clockwise-propagating light and counterclockwisepropagating light are given by (16a) and (16b) where is given in (15). In general, the Sagnac interferometer-based modulator will be polarization dependent if the modulation is asymmetric. However, when the phase modulator is at the center of the loop the intensity transfer function will return to the ideal form in (6) if the traveling wave effect is neglected. The influence of asymmetric birefringence modulation can thus be minimized.
IV. EXPERIMENT
To demonstrate the feasibility and to validate the polarization independence of the Sagnac interferometer-based ultrahigh speed polarization-independent modulator, a dc to 2.488 Gb/s PIM was built with a 3 GHz lithium-niobate phase modulator. This modulator was placed in the middle of a Sagnac loop and connected with a polarization insensitive 3 dB fiber coupler to form a Sagnac interferometer. The experiment setup is shown in Fig. 9 . A cw light signal from a 1550 nm DFB laser was injected into the PIM through a polarization controller (PC), and the PIM was driven by the pattern generator of an HP 71612A bit error rate tester (BERT). The output signal from the PIM was detected by a 6 GHz O/E converter and sent to a digital oscilloscope to measure the eye diagram of the output signal. The input state of polarization was controlled by adjusting the polarization controller. The influence of the input polarization state on the output was examined by adjusting the polarization controller. Two bit rates of a pseudo-random bit sequence (PRBS) were used in the test and the eye diagrams with the widest eye width and narrowest eye width were recorded on the oscilloscope. Fig. 10(a) and (b) show the output eye diagrams for the 1 Gb/s signal. The filtering effect is clearly observed by comparing these two figures. This phenomenon agrees with the prediction as shown in Fig. 6 . A bit rate of 2.488 Gb/s PRBS was also used and the eye diagrams are shown in Fig. 10(c) and (d) . Because the 3 dB bandwidth of this particular birefringence modulator is only 3 GHz, the waveform is distorted and asymmetric. However the polarization dependence can still be identified by comparing the two figures. The sharp edges are smoothed out again for the -polarized input.
The property of the PIM under low modulation frequency was also tested. We used an optical power meter to monitor the output power and a dc voltage source to provide drive voltage. The extinction ratio and half-wave voltage of the PIM were measured to be approximately 23 dB and 3 V, respectively, for a dc signal. For higher frequencies, should increase considerably and reach 8 V for a 2 GHz signal. The drive voltage can be reduced by using the balanced structure shown in Fig. 7 .
V. CONCLUSION
A broadband polarization-independent modulator (PIM) is described and test results have been presented. The main advantage of this device is that it utilizes the high-speed Pockels effect while keeping the device polarization independent. The employment of the Sagnac interferometer not only eliminates the input polarization dependence seen in a Mach-Zehnder modulator, but it also makes the biasing point of the device more stable to ambient perturbations. Liquid crystals, devices relying on the photoelastic effect or Faraday effect, could also be employed in this structure to build low-cost PIM's. In this way, polarization independent, broadband, stable photonic modulators can be realized.
